Heterogeneous distributions of copper-binding characteristics were compared for two ultrafiltered size fractions of a soil HA using fluorescence quenching combined with two-dimensional correlation spectroscopy (2D-COS). The apparent shapes of the original synchronous fluorescence spectra and the extent of the fluorescence quenching upon the addition of copper were similar for the two fractions. The stability constants calculated at their highest peaks were not significantly different. However, the 2D-COS results revealed that the fluorescence quenching behaviors were strongly affected by the associated wavelengths and the fraction's size. The spectral change preferentially occurred in the wavelength order of 467 nm → 451 nm → 357 nm for the 1-10 K fraction and of 376 nm → 464 nm for the >100 K fraction. The extent of the binding affinities exactly followed the sequential orders interpreted from the 2D-COS, and they exhibited the distinctive ranges of the logarithmic values from 5.86 to 4.91 and from 6.48 to 5.95 for the 1-10 K and the >100 K fractions, respectively. Our studies demonstrated that fluorescence quenching combined with 2D-COS could be successfully utilized to give insight into the chemical heterogeneity associated with metal-binding sites within the relatively homogeneous HA size fractions.
INTRODUCTION
The accumulation and the mobility of heavy metals in soil environments are strongly affected by the presence of soil organic matter (SOM), in which humic substance (HS) is a major component [1] . The ability of HS to bind metal ions is largely attributed to oxygenated reactive groups attached to aliphatic and/or aromatic structures in HS [2] . In general, carboxylic and phenolic groups in HS operate as weak and strong binding sites for metals, respectively [3] . Previous studies have shown that carboxylic content and aromatic structures of HS were closely correlated with metal-binding capacities at a neutral pH condition [4, 5] . Condensed aromatic structures in HS structures are known to favor to form highly stable complexes with metal ions by rendering a phthalic acidlike and/or a salicyclic acidlike binding sites [1, 6] . Characterization of metal-HS interactions is viewed as an essential element for assessing the remediation of metal-contaminated soils as well as for predicting the fate of the inorganic pollutants in natural environments.
Fluorescence spectroscopy has been widely applied to capture different types of organic carbon moieties heterogeneously distributed in HS. It is highly recommended for probing various HS functionalities because it provides a wealth of information on the molecular structures and the intermolecular interactions of HS in a sensitive and a nondestructive manner. In particular, the fluorescence titration technique based on a mathematical model introduced by Ryan and Weber [7] allows one to easily determine metal stability constants and the complexing capacities. This model assumes a linear relationship between the fraction of the total ligand bound and the quenched HS fluorescence intensity and the formation of simple 1 : 1 metal/ligand complexes only. Despite some limitations of the quenching method to accurately estimate the metal binding parameters [8] , it is still advantageous over other titration methods employing an ion-selective electrode in that it can afford additional spectroscopic information associated with metal binding [9] .
In traditional fluorescence titration methods, metal-binding parameters have been determined using fluorescence quenching data with a single pair of excitation and emission wavelengths, which was typically selected based on the most prominent peak of the original spectrum [10, 11] . However, a question is raised whether the determined binding parameters represent indeed the bulk HS consisting of heterogeneous structures and various chemical functionalities. For example, Luster et al. [12] classified the distribution of the fluorophores within a bulk HS into three types based on different fluorescence quenching behaviors upon metal addition, and they demonstrated that the calculated stability constants were dependent on the particular wavelength range. Recently, excitation-emission matrix (EEM) fluorescence spectroscopy combined with a multivariate chemometric method (e.g., parallel factor analysis) provided an insight into the presence of the heterogeneous distribution of metal-binding sites within a bulk HS [11, 13, 14] .
2D-COS is a very useful tool to distinguish dissimilar spectral behaviors of a complex mixture upon the changes of external conditions [15] . It allows one to easily identify the sequence of subtle spectral changes by extending the peaks over the second dimension and the subsequent enhancement of the spectral resolution. Despite the expected benefits of using 2D-COS for complex mixtures like HS, only a few related studies have been conducted so far, in which the structural and chemical heterogeneity of dissolved organic matters (DOM) were successfully demonstrated with respect to increasing photoirradiation times [16] and to the addition of metals [9, 17] . The synchronous fluorescence spectrum is not only easily compatible with 2D-COS but it also sufficiently presents the heterogeneous distribution of different types of fluorophores at a range of wavelengths. Therefore, 2D-COS combined with a synchronous fluorescence spectrum is expected to successfully describe the structural heterogeneity of HS with respect to a number of external factors leading to fluorescence changes.
Size fractionation is considered as a typical process to obtain relatively homogeneous HS because it is often reported that the structural, spectroscopic, and chemical differences within the bulk HS were quite pronounced among the different size fractions [18] [19] [20] [21] . For this reason, potential chemical heterogeneity within the size fraction has long been ignored, and a few attempts have been made to compare the heterogeneous distributions of metal-binding sites for different size fractions derived from one bulk HS. It is expected that 2D-COS combined with a synchronous fluorescence spectrum will give a more detailed characterization of metal binding behaviors with respect to the wavelengths. The objectives of this study were (1) to examine the quenching behaviors of synchronous fluorescence spectra upon the addition of copper at a range of wavelengths for two different size fractions of a soil humic acid and (2) to compare the wavelengthdependent variations of copper-binding characteristics for the two fractions employing 2D-COS. Using the physically separated HA fractions may be beneficial to explore the inherent heterogeneous distribution of copper-binding characteristics because it minimizes chemical and structural changes in HA during the preparation process [22] .
MATERIALS AND METHODS

Sample Preparation
A soil sample was collected from Mountain Hanla in the Republic of Korea (33 • 31 N, 126 • 32 E). The parent rock of the area is mainly trachybasalt. The clay and organic carbon contents were 64.5% and 17.9%, respectively [23] . The sample represents a composite of 10 individual soils taken from the surface horizon (0-5 cm), which were collected within 10 000 square meters from an uncontaminated and long-undisturbed area. The soil was passed through a 2 mm sieve to remove gravel, roots, and leaves before it was air-dried.
The procedures for the extraction and the purification of HA were well described in our prior study [21] . Two different size fractions (1-10 K and >100 K) of the HA were obtained using an Amicon batch stirred cell of 250 mL capacity and Amicon ultrafiltration (UF) membranes with the molecular weight cutoffs of 1 K, 10 K, and 100 KDa. The details of the procedure were provided in Hur and Kim [24] . The original DOC concentrations of the two prepared fractions were 91.1 mg C/L and 900.8 mg C/L for the 1-10 K and the >100 K fractions, respectively.
Dissolved Organic Carbon (DOC) and UV Absorbance Measurements
DOC concentrations of the HA samples were measured based on a Shimadzu V-CPH analyzer. UV absorbance measurements were made using a UV-visible spectrophotometer (Evolution 60, Thermo Scientific) and a 1 cm quartz cuvette to determine the specific UV absorbance (SUVA) values of the samples. SUVA is equivalent to the 100-fold ratio of the UV absorbance at 254 nm to the DOC concentration.
Synchronous Fluorescence Spectra
Synchronous fluorescence spectra of the HA size fractions were measured using a luminescence spectrometer (Perkin-Elmer LS-50B). Excitation and emission slits were both adjusted to 10 nm, and the excitation wavelengths were scanned from 250 to 600 nm with a constant offset ( λ = 30 nm). The samples were diluted to a concentration of 10.0 mg C/L for the fluorescence measurements. A 290 nm cutoff filter was used to minimize second-order Raleigh scattering. The fluorescence response to a blank solution was subtracted from the spectrum of the sample. In this study, three fluorescence regions were assigned to protein-like (PLF), humic-like (HLF), and terrestrial humic-like fluorescence (THLF), each of which corresponds to the integrated areas of the fluorescence intensities at the wavelength of 250-300 nm, 300-420 nm, and 420-600 nm, respectively [21] . Each relative fluorescence region over the whole fluorescence area was reported as %PLF, %HLF, and %THLF, respectively.
2D-COS Principle and Application
2D-COS generates two types of the spectra called synchronous 2D and asynchronous 2D spectra, each of which is calculated based on the correlations between two different dynamic spectra and the cross-correlations between the dynamic spectrum and its orthogonal spectrum. The mathematical expressions of the two spectra are given as follows [24] :
where and are synchronous 2D and asynchronous 2D spectra, respectively. The parameters of ν and t represent a spectral variable and an external perturbation, respectively. y(ν, t) is the dynamic spectrum, and z(ν, t) is the Hilbert-transformed orthogonal spectrum.
In a contour plot of the synchronous 2D spectrum, the intensity of peaks located at diagonal position (i.e., autopeaks) represents the overall extent of the variation in the spectral intensity observed at ν during the interval between T min and T max . Cross-peaks, which are located off the diagonal line of a synchronous 2D spectrum, represent simultaneous changes of the spectral intensities observed at two different spectral variables of ν 1 and ν 2 . The sign of the synchronous cross-peaks indicates the direction of the spectral changes. For example, a positive cross-peak indicates the changes of the spectral intensities at two different variables proceed in the same direction whereas a negative cross-peak reveals the changes in the opposite direction. Meanwhile, the sign of an asynchronous cross-peak provides the information on the sequence of events observed with the external perturbation. If the signs of synchronous and asynchronous cross-peaks are the same, the spectral change at ν 1 precedes the change at ν 2 . If they are different, the change at ν 1 is followed by the change at ν 2 (i.e., Noda's rules) [25, 26] .
In this study, the synchronous and the asynchronous 2D spectra were calculated by using the algorithm based on the numerical method developed by Noda et al. [25] , and the corresponding maps were generated using the same software as described elsewhere [15] .
Determination of Copper Complexing Capacities and Stability Constants
Copper stock solutions with different concentrations (0.2, 1.0, and 5.0 mM) were prepared using Cu(NO 3 ) 2 . HA samples (10 mg C/L) were transferred into polypropylene vials (2 mL) containing pH-adjusted KNO 3 solution (pH = 6.0). Aliquots of the stock solutions were then spiked into a series of the vials such that the vials with varying copper concentrations from 0 to 125 μM could be prepared in triplicate. The vials were placed on a shaker at low speed and allowed to equilibrate for 15 minutes. The equilibrium time was determined based on previous pieces of the literature [2, 9, 11] , in which no further fluorescence quenching was observed after the time. The synchronous fluorescence spectra of our samples were measured after the solution pH was readjusted to 6.0 using dilute HNO 3 or NaOH.
In this study, the Ryan-Weber nonlinear model was applied to determine the parameters related to copper binding [2] . The Ryan-Weber model equation is given by
where F , F 0 , and F ML are the measured fluorescence intensities at C M concentration and without metal addition and the limiting fluorescence intensity below which the intensity does not change upon the metal addition, respectively. The parameter, C L , is the stoichiometric concentration of the ligand. K M and C M are the conditional stability constant and the total metal concentration, respectively. Model fitting was performed using ORIGIN software (Version 6.0, Microcal Software, Inc.) to obtain the optimum values of K M , C L , and F ML . The complexing capacity (mmol/g C) was calculated by dividing the C L value by the DOC concentrations of the samples. The fluorescence intensities used for the model fitting were based on the peak wavelengths of the original synchronous fluorescence spectra or the wavelength pairs of the asynchronous 2D spectra exhibiting pronounced peaks.
RESULTS AND DISCUSSION
UV-Visible and Fluorescence Characteristics of the Two Size Fractions
The 1-10 K fraction of the soil HA exhibited a slightly higher SUVA value than the >100 K fraction (Table 1) , suggesting the smaller size fraction contains more aromatic carbon content at the same DOC concentration although the difference was not so pronounced compared to those reported in other studies using different size fractions of terrestrial HS [18, 26] . In this study, a much higher E 4 /E 6 value, the absorbance ratio at 465 nm and 665 nm, was observed for the size fraction of 1-10 K versus >100 K ( Table 1 ). The result agreed well with the molecular size of the HA fractions because E 4 /E 6 is known to be negatively correlated with molecular weight of HS.
Synchronous fluorescence spectra of the two size fractions are shown in Figure 1 . Apparently, the spectral shapes of the two fractions were very similar to each other, in which three small peaks and one major peak could be identified from the HLF and the THLF regions, respectively. The slight PLF intensities were observed for the 1-10 K fraction only. Other studies indicate that PLF characteristics are not likely to be prominent for soil environments where microbial transformation of terrigenous organic matters is dominant although the feature could be associated with the presence of protein and/or amino acid bound HA and/or tannin-like substances [21] .
A notable difference between the two original spectra was much higher fluorescence intensities per organic carbon for the fraction of 1-10 K versus >100 K (Figure 1 ). For example, the THLF peak intensity of the 1-10 K fraction was as much as 20 times higher than that of the >100 K fraction at the same DOC concentration. Other reports also showed evidence of the heterogeneous distribution of the fluorophores among different size fractions [27, 28] . The more intense emitting intensity of the 1-10 K fraction versus the >100 K fractions may be attributed to relatively high content of fluorescent constituents contained in the former and/or to the potential existence of deactivation processes in the latter [27, 29] .
Changes in the Synchronous Fluorescence Spectra upon the Addition of Copper
Changes in the synchronous fluorescence spectra upon the addition of copper were compared for the two size fractions (Figure 1 ). The fluorescence intensities were quenched at all the wavelengths investigated, indicating that that electronic structural changes extensively occurred in the HA fractions by forming complexes with copper [2] . The apparent quenching behaviors were similar for the two fractions. For example, for both fractions, the extent of the quenching appears to be the most pronounced at the THLF peak, and it tends to be diminished with shorter wavelengths. The THLF peaks of the two fractions both nearly disappeared after the copper was sufficiently added until no fluorescence change occurred (i.e., copper-saturated condition for the fluorophores). However, a closer examination revealed the presence of subtle differences between the spectral variations with wavelengths for the two fractions. For example, the fluorescence intensities of the 1-10 K fraction tend to steadily decrease at all the wavelength ranges whereas, for the >100 K fraction, the quenching behaviors were evidently dependent on the fluorescence regions. The fluorescence of the HLF region sharply decreased to a certain level of the copper addition, and little change occurred afterwards. In contrast, a steady decrease of the fluorescence intensity was observed at the THLF region (Figure 1(b) ). Our observation implies that the copper-binding sites may be unevenly distributed even within the relatively homogeneous HA size fraction, which was consistent with the findings with hydrophobic/hydrophilic fractions of DOM in our earlier report [9] .
2D Correlation Fluorescence Spectroscopy
One positive autopeak was commonly observed for the synchronous 2D spectra of the two size fractions, indicating that the spectral changes took place in the same direction at the corresponding wavelength ranges (i.e., decreasing fluorescence intensity) (Figure 2) . A much higher intensity of the autopeak for the fraction TheScientificWorldJOURNAL (2011) 11, 1865-1876
FIGURE 2: Synchronous 2D spectrum for (a) the 1-10 K fraction and (b) the >100 K fraction. Asynchronous 2D spectrum for (c) the 1-10 K fraction and (d) the >100 K fraction of the soil HA. The arrows indicate the main peaks of the spectra, based on which the copper-binding parameters were calculated in Table 2 . The x-or y-axis represents the excitation wavelength of the synchronous fluorescence spectra. The solid and the dashed lines represent the positive and negative signs, respectively. of 1-10 K versus >100 K suggests that the smaller size fraction may be more susceptible to the fluorescence quenching upon the addition of copper. The asynchronous 2D spectra illustrated the sequence of the fluorescence changes at two different wavelengths (i.e., the changes at one wavelength lead or lag those at the other wavelength) (Figures 2(c)  and 2(d) ). For the 1-10 K fraction, two positive peak bands were observed below, off the diagonal line of the asynchronous 2D spectra (Figure 2(c) ). The large positive band was horizontally extended from the x 1 wavelengths of 425 nm to 500 nm and, vertically, from the x 2 wavelengths of 310 nm to 425 nm, with the highest peak shown at the x 1 /x 2 wavelengths of 467 nm/357 nm. According to Noda's rules [25] , the location of this peak area can be interpreted as the earlier occurrence of the fluorescence quenching at the longer wavelength range (i.e., 425 nm to 500 nm) rather than at the shorter wavelengths from 310 nm to 425 nm. This finding is consistent with our previous observation of the decreased extent of the fluorescence quenching upon the copper addition with shorter wavelengths (Figure 1 ). The smaller positive area was centered at the x 1 /x 2 wavelengths of 451 nm/467 nm, indicating that the fluorescence quenching took place at 451 nm prior to that at 467 nm (i.e., stronger binding at 451 nm versus 467 nm). It is important to note that it is very difficult to recognize such a subtle difference in the spectral behaviors from the spectral changes of the original spectra. Our 2D-COS results evidenced that there might be a heterogeneous distribution of the binding sites within the size HA fraction. Based on Noda's rules, the locations of the two peak bands revealed that the fluorescence quenching occurred in the sequential order of the wavelengths of 467 nm → 451 nm → 357 nm. It is expected that the kinetic rates of the fluorescence quenching (i.e., stability constants) will decrease in accordance with the wavelength order.
From the asynchronous 2D spectrum of the >100 K fraction, one slight positive peak and two negative large peaks were observed (Figure 2(d) ). The positive peaks were centered at 502 nm/464 nm, and the negative main peaks were located at 464 nm/356 nm and 464 nm/376 nm. Based on Noda's rules, the observed spectral features can be depicted as the preferential occurrence of the fluorescence quenching in the wavelength order of 356 nm ∼ 376 nm → 502 nm → 464 nm. However, the sequential fluorescence behaviors associated with the wavelengths of 356 nm and 502 nm may not be obvious because the corresponding areas of the synchronous 2D spectrum are barely positive and/or the peaks are too small. Therefore, the sequential wavelength order of 376 nm > 464 nm only is likely to be pronounced.
Despite the similarity in the synchronous 2D spectra of the two fractions, contrasting patterns were found for the corresponding asynchronous 2D spectra. For example, the fluorescence quenching at the THLF region (i.e., longer wavelength range) appears to occur earlier than that at the HLF region for the small size fraction whereas the opposite trend was observed for the large size fraction. Our combined results demonstrated that copper-binding characteristics were highly dependent on the associated wavelengths and also that the trend of the variation with wavelengths might be different depending on the fraction's size of the HA.
Copper(II)-Binding Parameters of Two Size Fractions
In order to quantitatively validate the wavelength-dependent distribution of the copper-binding characteristics interpreted from the 2D-COS results, copper stability constants were calculated by the best fit of the Ryan-Weber model at the wavelengths selected based on the peak locations of the asynchronous 2D spectra (Table 2 and Figure 3 ). For comparison, the same parameters were calculated as well based on the representative peak wavelengths of the original synchronous fluorescence spectra ( Table 2 ).
All the titration data were fitted well with the Ryan-Weber model as indicated by the high correlation coefficients (r > 0.950) and the statistical significances (P < 0.001). Our calculated stability constants expressed by log K M values ranged from 4.91 to 6.48 for the two fractions. The range was comparable to those reported from other studies using terrestrial DOM [2, 12, 30, 31] . In this study, two distinctive ranges of the log K M values were observed for the two size fractions. The 1-10 K fraction showed a range of log K M values from 4.91 to 5.86 while the higher range from 5.95 to 6.48 was observed for the >100 K fraction. The higher copper stability constant for the large size HA fraction is consistent with the result of a prior report [32] . However, the opposite trend is also reported in other studies [19, 33] . The chemical and structural difference between the size fractions relating to the stability constant needs to be further investigated.
The extent of the stability constants calculated was surprisingly consistent with the sequential orders determined from the 2D-COS results. For the 1-10 K fraction, the stability constants exhibited a decreasing trend in the wavelength order of 467 nm > 451 nm > 357 nm. For the >100 K fraction, a decreasing trend of the log K M values was observed in the wavelength order of 376 nm > 464 nm. Both cases agreed well with the interpretations of the previous 2D-COS results.
It should be noted that a simple comparison of the stability constants determined at single wavelength pairs of the original synchronous fluorescence spectra may fail to understand the heterogeneous distribution of the copper-binding characteristics in HA. For example, the two stability constants calculated based on the representative wavelengths were not significantly different (i.e., 5.86 ± 0.07 and 5.96 ± 0.08 for the 1-10 K and the >100 K fractions, resp.) in Table 2 . In contrast, the 2D-COS results revealed the distinctive ranges in the values for the two fractions. 1 Correlation coefficients of predicted versus observed fluorescence intensity (r), relative percentage of fluorescence intensity for copper-saturated complexes (F ML (%)), conditional stability constants (log K M ), and complexing capacities (CC M ) and fraction of the initial fluorescence corresponding to binding sites ( f ). 2 The peak wavelengths were selected based on peaks observed in the synchronous and asynchronous maps of 2D-COS in Figure 2 . 3 The peak wavelengths were selected based on the apparent shapes of the synchronous fluorescence spectra in Figure 1 . * P value < 0.001. In addition to the stability constants, considerable ranges of the other binding parameters such as F ML and CC M values were observed within the size fraction. For example, the percentages of fluorophores that participate in the complexation reaction (i.e., 100-F ML ) ranged from 60% to 94% for the 1-10 K fraction and from 40% to 85% for the >100 K fraction. The percentages tend to increase with longer wavelengths for both fractions. A large variation was also observed for the complexation capacities of each size fraction but no consistent trend was found with wavelengths. Unlike the stability constants, no distinction in the ranges of the binding capacities was observed between the two size fractions, which corresponded to 0.63 to 1.56 mmol/g C and 0.67 to 1.12 mmol/g C for the 1-10 K and the >100 K fractions, respectively (Table 2 ).
CONCLUSIONS
At prominent peaks of synchronous fluorescence spectra, the extent of the fluorescence quenching upon the addition of copper was apparently similar for the two size fractions. The corresponding stability constants were not significantly different, exhibiting the logarithmic values of 5.86 ± 0.07 and 5.96 ± 0.08 for the 1-10 K and the >100 K fractions, respectively. However, fluorescence quenching combined with 2D-COS revealed in detail the wavelength-dependent fluorescence quenching behaviors, in which the sequences of the fluorescence quenching were observed with the wavelength order of 467 nm → 451 nm → 357 nm for the 1-10 K fraction and of 376 nm → 464 nm for the >100 K fraction. The extent of the logarithmic values of the calculated stability constants agreed well with the sequential orders interpreted from the 2D-COS. In addition, the distinctive ranges of the logarithmic values were found, which corresponded to from 5.86 to 4.91 and from 6.48 to 5.96 for the 1-10 K and the >100 K fractions, respectively. The higher range in the stability constants was possibly explained by more condensed aromatic structures of the larger size fraction. Our studies demonstrated that 2D-COS could be successfully utilized to obtain detailed information on the heterogeneous distribution of copper-binding characteristics within the relatively homogeneous HA size fraction, which is not easily recognized by simple comparison of the spectral quenching behaviors of the original spectra.
